During the first half of infancy, bone accretion in preterm infants fed an isocaloric, protein-and mineral-enriched postdischarge formula (PDF) is higher compared with those fed term formula (TF) or human milk (HM). This may be related to higher protein, calcium, phosphorus, and vitamin D intakes. This study investigated serum calcium, phosphate, and 25-hydroxyvitamin D [25(OH)D] in relation to bone mineral content (BMC) in PDF-, TF-, and HM-fed preterm infants between term age (40 wk postmenstrual age) and 6 mo corrected age (CA). Between term age and 6 mo CA, 52 preterm infants were fed PDF (per 100 mL: 67 kcal, 1.7 g protein, 65 mg calcium, 38 mg phosphorus, 56 IU vitamin D), 41 were fed TF (per 100 mL: 67 kcal, 1.47 g protein, 50 mg calcium, 30 mg phosphorus, 48 IU vitamin D), and 46 were fed HM. Serum calcium, phosphorus, and 25(OH)D were measured at term age and at 3 and 6 mo CA. BMC (g) was measured by whole-body dualenergy X-ray absorptiometry at term age and at 6 mo CA. Between term age and 6 mo CA, intakes of calcium, phosphorus, and vitamin D were significantly higher in PDF-compared with TF-fed infants, and PDF-fed infants reached significantly higher serum 25(OH)D concentrations at 6 mo CA (103 6 24.3 vs. 92.8 6 15.5 nmol/L, P = 0.003). Between term age and 6 mo CA, increases in serum 25(OH)D were associated with an increase in BMC (b = 0.001; 95% CI: 0.00, 0.003; P = 0.046).
Introduction
More than two-thirds of the calcium, vitamin D, and bone accretion takes place during the third trimester of pregnancy (1) (2) (3) . Vitamin D accretion depends on maternal vitamin D status (4) . Postnatally, in addition to the availability of dietary protein, calcium, and phosphate, the vitamin D status of the infant becomes very important for postnatal bone accretion (5) . The vitamin D status of the infant is related to maternal vitamin D status during pregnancy, dietary vitamin D intake, and 1,25-dihydroxyvitamin D synthesis (2, 4) , which is already operative during intrauterine life and starts within 24 h after birth in infants born as early as 28 wk gestational age (6) .
In term infants, vitamin D stores are depleted within the first 8 postnatal weeks (6) due to insufficient dietary vitamin D intake, especially in breastfed term infants. In preterm infants, vitamin D stores are lower at birth, and moreover, during early extrauterine life, dietary vitamin D supply is frequently lower than during the intrauterine third trimester (7) . As a consequence, vitamin D deficiency may develop, which results in secondary hyperparathyroidism with increased calcium resorption from the bone to maintain serum calcium concentrations (8) .
In addition to bone-related effects, several studies demonstrate that a low maternal and concomitant low infant vitamin D status are associated with other conditions, such as type 1 diabetes in childhood (9) , allergic diseases (10) , and impaired neurocognitive development (11, 12) . Furthermore, a low vitamin D status affects the immune system, such as the first line of defense in the intestine, which needs an adequate vitamin D status for the synthesis of the antimicrobial peptide cathelicidin (13) . This may contribute to increased (respiratory) infections in infants with a low vitamin D status during the first months of life (13) (14) (15) .
Recently, we demonstrated that bone accretion during the first 6 mo postterm is higher in preterm infants fed an isocaloric protein-and mineral-enriched postdischarge formula (PDF) 6 compared with those fed a standard term formula (TF) or human milk (HM) (16) . PDF-fed preterm infants may have higher availability of dietary protein, calcium, phosphorus, and vitamin D for bone accretion. However, controversy remains whether an improved vitamin D status is related to increased bone accretion of preterm infants. Some stated that vitamin D status may only play a minor role in the presence of adequate calcium and phosphorus intake (17) , whereas others demonstrated that vitamin D status is associated with bone accretion during infancy (18, 19) and childhood (20) . The present study investigated serum calcium, phosphate, parathyroid hormone (PTH), and 25-hydroxyvitamin D [25(OH)D], a good marker of vitamin D status (4, 6, 8) , in relation to bone accretion in preterm infants fed PDF, TF, and HM between term age (40 wk postmenstrual age) and 6 mo corrected age (CA).
Participants and Methods
Details of this study have been described previously (16, 21) . In short, 139 infants born at a gestational age of #32 wk and/or with a birth weight of #1500 g were included. This study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving patients were approved by the Ethics Committee of the VU University Medical Center, Amsterdam, The Netherlands. Parents of the participating infants gave written informed consent.
Between birth and term age, infants were fed fortified human milk (13 PDF-, 17 TF-, and 45 HM-fed infants) or preterm formula (39 PDFand 23-TF fed infants) ( Table 1) . The type of feeding between birth and term age could not be determined in 2 infants due to missing data. Breast milk fortifier provided 64.9 mg calcium, 42.7 mg phosphorus, and 200 IU vitamin D/100 mL HM. According to the recommendations in The Netherlands between 2003 and 2006, preterm infants fed >50% HM were supplemented with breast milk fortifier or with 200 IU/d vitamin D when HM fortification was discontinued at discharge. Preterm infants fed >50% formula, either preterm formula, PDF, or TF, were not supplemented with vitamin D. Of the infants fed HM between birth and term age, 20 infants (2 PDF-, 2 TF-, and 16 HM-fed infants) were supplemented with 200 IU/d vitamin D when HM fortification was discontinued after discharge. None of the infants fed preterm formula between birth and term age were supplemented with vitamin D.
At term age, formula-fed infants were randomly assigned to receive PDF (n = 52) or TF (n = 41) and were fed this formula until 6 mo CA (Table 1) . Infants were considered to be HM fed (n = 46) if they received >80% HM at term age, and these infants were supplemented with 200 IU/d vitamin D. If HM was insufficiently available, TF was added to the diet. Infants did not receive enteral calcium or phosphorus supplementation at any time. In contrast to the Dutch recommendations described above, 2 PDF-and 2 TF-fed infants were supplemented with vitamin D by their parents for unknown reasons during the first week after term age [2 PDF-fed infants received 62.4 IU/(kg Á d) and 2 TF-fed infants received 25.6 and 78.
Between birth and discharge, data on parenteral and enteral intake (mL/d) and weight (g) were extracted from the infantsÕ medical records by a single person. Between discharge and 6 mo, parents recorded in a diary their infantÕs weight (g), formula intake (mL/d), vitamin D supplements, and any changes in their infantÕs diet (per day between discharge and term age and 1 d/wk between term age and 6 mo CA). In formula (preterm formula, PDF, and TF)-fed infants, intakes of calcium each week on the basis of the infantÕs weight, the volume intake (mL/d) of formula, and the nutritional composition of the formula. In HM-fed infants, vitamin D intake [IU/(kg Á d)] and vitamin D intake per day (IU/d) between birth and term age were calculated on the basis of the infantÕs weight, the volume intake (mL/d) of HM, the vitamin D content of breast milk fortifier, and the vitamin D intake from supplements. Between birth and term age, HM-fed infants were fed expressed HM and therefore their volume intake was known. In contrast, between term age and 6 mo CA, HM-fed infants were breastfed and their exact intake was unknown. In addition, parents of HM-fed infants did not record vitamin D supplementation consistently in the parental diaries, and some HMfed infants were additionally fed TF. As a consequence, the vitamin D intake of HM-fed infants between term age and 6 mo CA could not be calculated.
Gestational age at birth was extracted from infantsÕ medical records. At birth, term age, and 3 and 6 mo CA, weight was measured to the nearest gram with a digital scale, length was measured to the nearest 0.1 cm with a length board, and head circumference was measured to the nearest 0.1 cm with a nonstretchable measuring tape, as described previously (21) . Weight, length, and head circumference were expressed as z-scores at birth and term age (22) and at 3 and 6 mo CA (23) . Ethnicity was based on paternal and maternal ethnicity and was classified as white if both parents were white and as nonwhite if one or both parents were of nonwhite race/ethnicity.
At term age and at 3 and 6 mo CA, serum total calcium (mmol/L) and phosphate (mmol/L) were measured by colorimetric assay (Modular Analytics; Roche Diagnostics) with an interassay variance of 2.5 and 2.6%, respectively. At similar time points, PTH (pmol/L) was measured by luminescent immunometric assay (Nichols Institute Diagnostics), with an interassay variance of 10%, and 25(OH)D (nmol/L) was measured by a competitive binding protein assay (Diasorin), with an interassay variance of 10%. Between term age and 6 mo CA, change in serum total calcium, phosphate, PTH, and 25(OH)D was calculated. Vitamin D deficiency was defined as serum 25 At term age and at 6 mo CA, bone area (cm 2 ) and bone mineral content (BMC; g) were measured by whole-body DXA (Hologic QDR4500A; Hologic, Inc.) and analyzed by Infant Whole Body software, version 12.3.3 (Hologic). The quality of the DXA was evaluated by 1 expert radiologist who was blinded to the type of feeding. Scans with severe movement artifacts and incomplete scans were excluded (27) . Goodquality DXA scans were available for 116 infants at term age (43 PDF-, 36 TF-, and 37 HM-fed infants), 106 infants at 6 mo CA (42 PDF-, 30 TF-, and 34 HM-fed infants), and 87 infants at both term age and at 6 mo CA (36 PDF-, 25 TF-, and 26 HM-fed infants), as described previously (16) . Gain in BMC between term age and 6 mo CA was calculated.
Statistical analyses were performed by using SPSS 17.0 for Windows (SPSS, Inc.). The distribution of sex, ethnicity, season of birth, vitamin D deficiency and insufficiency, and high vitamin D concentrations were expressed as frequencies and were compared between PDF-, TF-, and HM-fed infants by x 2 test. Gestational age at birth, vitamin D intake per day (IU/d), serum PTH, and BMC were normally distributed after ln transformation and were expressed as medians (IQR). Weight, length, and head circumference z-scores; intakes of calcium, phosphorus, and vitamin D; and concentrations of serum calcium, phosphate, and 25(OH)D were normally distributed and expressed as means 6 SDs.
Gestational age at birth, growth, serum calcium, serum phosphate, serum PTH, and serum 25(OH)D were compared between PDF-, TF-, and HM-fed infants by linear regression adjusted for sex and gestational age (analysis with gestational age was adjusted only for sex). between PDF-and TF-fed infants by linear regression adjusted for sex and gestational age. Associations between BMC and serum calcium, serum PTH, and serum 25(OH)D as well as between gain in BMC and change in serum PTH and change in serum 25(OH)D were evaluated by linear regression; we also evaluated whether type of feeding (PDF, TF, or HM), season of birth, ethnicity, or sex modified these associations. A P value <0.05 was considered significant.
Results
PDF-, TF-, and HM-fed infants. Infant characteristics at birth and growth variables between birth and 6 mo CA were not different among PDF-, TF-, and HM-fed infants ( Table 2 and  Supplemental Table 1 ). Between birth and term age, the mean intakes of calcium, phosphorus, and vitamin D were similar in PDF-and TF-fed infants who were fed preterm formula [calcium: 110 6 24.9 vs. 108 6 24.7 mg/(kg Á d); phosphorus: 57.7 6 11.5 vs. 56. nmol/L] at term age and at 3 mo CA were similar in PDF-, TF-, and HM-fed infants (vitamin D deficiency at term age: 7.7, 0, and 2.3%, respectively; vitamin D insufficiency at term age: 13.5, 10, and 9.1%, respectively; and at vitamin D insufficiency at 3 mo: 2, 2.4, and 0%, respectively; all P $ 0.05). None of the infants were vitamin D deficient or insufficient at 6 mo CA. The frequency of high serum 25(OH)D (>150 nmol/L) was significantly higher in TF-compared with PDF-and HM-fed infants at term age and was similar at 3 and 6 mo CA (term age: 10 vs. 1.9 and 0%, respectively; P < 0.05; 3 mo: 0 vs. 0 and 0%, respectively; P $ 0.05; 6 mo: 0 vs. 3.9 and 0%, respectively; P $ 0.05). PDF-fed infants had slightly lower serum 25(OH)D at term age and significantly higher serum 25(OH)D at 6 mo CA compared with TF-and HM-fed infants ( Although the frequency of vitamin D deficiency was similar in PDF-, TF-, and HM-infants at term age, PDF-and TF-fed infants had significantly higher serum PTH compared with HMfed infants at term age, but this difference disappeared thereafter (Table 3) . Between term age and 6 mo CA, PDF-and TF-fed infants had a significantly greater decrease in serum PTH compared with HM-fed infants [change in PTH: 23.17 (4.99) and 22.44 (3.55) vs. 0.01 (3.55) pmol/L; P < 0.01].
Serum calcium, PTH, and 25(OH)D in relation to bone mass.
At term age, serum total calcium and 25(OH)D were positively associated and serum PTH was negatively associated with BMC ( Table 4) . At 3 and 6 mo CA, serum 25(OH)D was positively associated and serum PTH was negatively associated with BMC at 6 mo CA (Table 4) . Between term age and 6 mo CA, change in serum 25(OH)D was positively associated and change in serum PTH was negatively associated with gain in BMC (Fig. 1) . There was no effect modification of type of feeding, season of birth (winter/summer), ethnicity (white/nonwhite), or sex on the associations between serum total calcium, serum PTH, and serum 25(OH)D and BMC.
Discussion
The present study demonstrates that higher vitamin D intake with an isocaloric protein-and mineral-enriched PDF leads to a (16) . In addition, we hypothesize that the negative association between change in serum PTH and gain in BMC may imply that calcium resorption from bone is decreased in PDF-fed infants with higher bone accretion. However, the higher dietary calcium, phosphorus, and protein intakes from PDF may also have an important role for the enhancement of bone accretion in preterm infants. It has been hypothesized that a higher bone mass during infancy may track to adulthood (16) and that higher adult bone mass, in turn, is associated with a lower risk of osteoporosis in later life (28) . PDF-fed infants reached the recommended intake of 400 IU/d vitamin D during the first 6 mo postterm, whereas TF-fed infants had a vitamin D intake slightly below 400 IU/d. This vitamin D intake is in accordance with the current guidelines on vitamin D supplementation for term infants, as recommended by the Institute of Medicine, the American Association of Pediatrics, the Pediatric Endocrine Society, and the Dutch Health Council (3, 8, 29, 30) , as well as in accordance with the current guidelines on vitamin D requirements for preterm infants after discharge (31) , but is far below the 800-1000 IU/d vitamin D for preterm infants as recommended by the European Society of Pediatric Gastroenterology Hepatology and Nutrition (32) . However, the vitamin D intake from the formula used in the present study is sufficient to prevent vitamin D deficiency in preterm infants at 6 mo CA. Furthermore, PDF-fed infants may already benefit from their higher vitamin D intake, as suggested by higher bone accretion (16) . This might suggest that if the current Dutch and American advice on vitamin D supplementation (3, 8, 29, 30 ) is combined with the higher vitamin D intake from PDF, preterm infants may reach even higher bone accretion during the first 6 mo postterm. On the other hand, these preterm infants may be at risk of serum 25(OH)D concentrations >150 nmol/L (60 ng/L), which have been associated with acute toxicity mostly related to hypercalcemia and growth retardation (25) . In the present study, the higher vitamin D intake from PDF did not lead to serum 25(OH)D concentrations >150 nmol/L (60 ng/L) at 6 mo CA. On the other hand, during the first year of life, the vitamin D status of preterm infants is influenced by rapid growth and it has been suggested that vitamin D dosage should be adjusted for the actual body weight of the infant (33, 34) . A recent study in healthy term infants demonstrated that a vitamin D intake close to 100 IU/kg body weight per day is sufficient to prevent vitamin D deficiency (33) . In the present study, the vitamin D intake per kilogram of body weight per day was closer to the advised 100 IU/(kg Á d) in PDF-fed infants than in TF-fed preterm infants and PDF-fed infants had a low frequency of vitamin D deficiency at 3 and 6 mo CA. This may suggest that PDF approximates an adequate amount of vitamin D intake in preterm infants during the first 6 mo postterm.
The question remains whether the observed bone accretion in preterm infants in our study depends on vitamin D status. It has been suggested that vitamin D plays a minor role in bone accretion when adequate dietary calcium and phosphorus are available (17) , because these nutrients are mandatory to achieve sufficient bone accretion. Nevertheless, in line with previous studies during infancy (18, 19) and childhood (20) , serum 25(OH)D was clearly associated with bone accretion, whereas calcium and phosphorus were not. Furthermore, in the present study, the frequency of vitamin D deficiency was low and serum calcium, phosphate, and PTH were within normal range [normal range of serum calcium: 2.10-2.60 mmol/L; phosphate: 1.10-2.10 mmol/L; and PTH: <8 pmol/L (35)]. Because serum 25(OH)D was associated with bone accretion and there was a low frequency of vitamin D deficiency, it seems likely that vitamin D may play an important role in bone accretion in preterm infants.
A limitation of the present study was that the randomized controlled trial was designed and powered to evaluate the effect of postdischarge nutrition on growth and body composition between term age and 6 mo CA (21) . The study was not designed to test causal relations; thus, only associations can be demonstrated. Therefore, the results of the present study need to be interpreted with caution.
Another limitation may be that calcium, phosphorus, and vitamin D absorption from infant formula may vary considerably. The absorption of calcium from formula varies between 35 and 60% (1), whereas the absorption of phosphate is >90%. However, calcium salts within the infant formula may precipitate (1), which decreases intestinal calcium absorption. The absorption of vitamin D from infant formula may be complicated, because vitamin D is a fat-soluble vitamin and may adhere to the surface of feeding bottles (36) . Furthermore, in the present study, it was difficult to determine the vitamin D intake of HMfed infants, because the exact volume intake of HM-fed infants was unknown and information on maternal vitamin D status or supplementation was not available. In addition, parents of HMfed infants did not consistently record the amount of vitamin D supplements administered in the diaries, and in a number of cases it can only be assumed that these infants received 200 IU/d vitamin D as recommended at the time.
Moreover, the vitamin D status of infants is not only determined by their dietary vitamin D intake. Maternal vitamin D status during pregnancy has a major influence on infant vitamin D status in early life (2, 4, 37, 38) as well as on bone accretion during infancy (39) (40) (41) and childhood (42) . In addition, sunlight exposure (2, 8, 20) , which is related to season of birth (18, 38, 43) , skin pigmentation, and geographic location (6) , may influence the vitamin D status of infants. However, the effect of vitamin D intake from formula on vitamin D status in infants may be dominant over the effect of sunlight exposure and, in turn, of geographic location (17) . Unfortunately, in the present study, no data were available on maternal vitamin D status or on infant vitamin D status before term age.
In addition, serum total calcium and not ionized calcium was measured at term age and at 3 and 6 mo CA. Serum total calcium may have a wide range due to variations in serum albumin and the state of hydration and can change without affecting the ionized calcium concentration. On the other hand, ionized calcium concentration can change without affecting the serum total calcium concentration.
Furthermore, the current guidelines vary with regard to the target 25(OH)D recommended for infants. The American Association of Pediatrics recommends a target 25(OH)D >50 nmol/L for term and preterm infants (29, 31) , whereas the Endocrine Society recommends a target 25(OH)D >75 nmol/L for the overall population (8) . In line with the guidelines of the American Association of Pediatrics, vitamin D sufficiency was defined as serum 25(OH)D >50 nmol/L in the present study.
In conclusion, with the nutritional regimen of the present study, the additional vitamin D intake from an isocaloric protein-and mineral-enriched PDF, which is in accordance with current recommendations of 400 IU/d vitamin D (3, 8, 29, 30 ) and which approximates the advised 100 IU/(kg Á d) vitamin D for term infants (33) , results in a greater increase in serum 25(OH) D. This increase in serum 25(OH)D may, in addition to dietary protein, calcium, and phosphorus availability (44) , contribute to increased bone accretion compared with standard TF or HM (16) . Furthermore, in addition to an isocaloric protein-and mineral-enriched PDF, higher vitamin D supplementation, as advised with the current guidelines (3, 8, 29, 30, 32) , may improve bone accretion even further.
